Interpretation We identified significant risk factors for periprosthetic fracture after primary and revision TKR. Patients with these risk factors can be informed by their surgeons of increased risk of this uncommon, but serious complication of TKR.

Periprosthetic fracture is an uncommon but significant complication of total knee replacement (TKR). A wide range in incidence of fracture after TKR-from 0.3% to 2.5%-has been reported (Aaron and Scott 1987 , Merkel and Johnson 1986 , Rorabeck and Taylor 1999 . The consequences of periprosthetic fracture after a TKR in the elderly are devastating, including increased morbidity and mortality and the need for revision surgery (Bhattacharyya et al. 2007 , Figgie et al. 1990 , Meek et al. 2011 . Most studies that have assessed the incidence of periprosthetic fractures were performed 20-30 years ago (Delport et al. 1984 , Culp et al. 1987 , Figgie et al. 1990 ). Due to changing demographics of patients receiving TKR (Crowninshield et al. 2006 , Khatod et al. 2008 , the risk of periprosthetic fracture may be changing. The indications of TKR have expanded dramatically in the last 2 decades to include much younger (Khatod et al. 2008 ) and older patients (Melzer et al. 2003) , both of whom may have a higher risk of having periprosthetic fractures. More recent estimates are needed to better inform patients and surgeons about this risk.
Most of the previous studies that examined risk factors for periprosthetic fractures after TKR did not perform multivariable-adjusted statistical analyses, and they had small number of cases and relatively short duration of follow-up. Several risk factors for periprosthetic fractures were identified, including osteoporosis (Merkel and Johnson 1986, Beals and Tower 1996) , inflammatory arthritis (Merkel and Johnson 1986, Lindahl et al. 2006 a, b) , corticosteroid use (Porsch et al. 1996) , older age (Meek et al. 2011) , female gender (Bethea et al. 1982 , Beals and Tower 1996 , Meek et al. 2011 , and previous revision arthroplasty (Merkel and Johnson 1986 , Lindahl et al. 2006a , Meek et al. 2011 . Recent reviews have summarized these findings (Rorabeck and Taylor 1999, McGraw and Kumar 2010) . Most previous studies focused on primary TKRs, and therefore little is known about fractures after revision TKRs. These studies did not examine modifiable factors such as body mass index (BMI) and comorbidity.
The objective of this study was to: (1) provide estimates of periprosthetic fracture after primary and revision TKR, and (2) to determine whether patient demographic characteristics (age and sex) and clinical characteristics (such as comorbidity and BMI) were independently associated with the risk of periprosthetic fracture.
Patients and methods

Selection of study cohort
We used data prospectively collected in a large institutional registry to perform analyses of periprosthetic fractures after primary and revision TKR. The Mayo Clinic Total Joint Registry has prospectively collected preoperative and postoperative follow-up data on all patients who underwent arthroplasty at Mayo Clinic, Rochester, since the first hip and knee arthroplasty were performed in 1969 and 1971, respectively (Berry et al. 1997) . All patients are prospectively followed with clinical follow-up visits, and in those who do not return, with mailed questionnaires and telephone interviews administered by trained, dedicated Total Joint Registry staff. The data are stored electronically in a database. Complications including but not limited to fracture, infection, surgical procedures, and mortality are registered. Medical records including radiographs and operative reports are obtained from outside institutions to confirm complications such as fractures. From this registry, we selected patients who underwent primary or revision TKR between 1989 and 2008. This time period was chosen to provide a large enough sample, to be more representative of recent data, and to allow inclusion of important variables such as BMI and ASA class in the analyses, which were available in electronic datasets from 1989. This study was approved by the Mayo Clinic Institutional Review Board and all investigations were conducted in conformity with ethical principles of research.
Study outcome and predictors
The study outcome was the occurrence of postoperative periprosthetic fracture from postoperative day 1 or later in patients with primary or revision TKR. This excluded intraoperative fractures or fractures on the day of surgery, which are difficult to differentiate from each other definitively, since the exact time of each fracture is not captured in the registry. Intraoperative fractures were not of interest in this study.
We considered several important potential risk factors for postoperative periprosthetic fractures after primary or revision TKR. The demographic characteristics included sex and age, categorized as previously described (≤ 60, 61-70, 71-80 and > 80 years) (Singh et al. 2008 , Singh and Lewallen 2009 . Clinical variables included BMI, comorbidity assessed with the Deyo-Charlson index (Deyo et al. 1992) , and the American Society of Anesthesiology (ASA) Physical Status score (Dripps et al. 1961) . BMI was categorized as < 25, 25-29.9 (overweight), 30-39.9 (obese), or ≥ 40 (morbidly obese), as previously described (Singh et al. 2011 ) and as in the WHO classification (WHO 2000) . Comorbidity was assessed with the Deyo-Charlson index, a validated measure of comorbidity consisting of a weighted scale of 17 comorbidities (including cardiac disease, pulmonary disease, renal disease, hepatic disease, diabetes, cancer, hemiplegia, and HIV), expressed as a summative score (Charlson et al. 1987 a, b) . ASA score, categorized as class I-II or III-IV, is a validated measure of perioperative mortality and immediate postoperative morbidity (Dripps et al. 1961 , Weaver et al. 2003 . Implant fixation was categorized as cemented implant (including hybrid) or uncemented implant. Operative diagnosis was categorized as follows: (a) osteoarthritis, rheumatoid/inflammatory arthritis, avascular necrosis, or other, for primary TKR; and (b) loosening/wear/osteolysis, dislocation/bone fracture or prosthesis fracture/instability/non-union (with non-union being defined as non-united fractures, such as non-union of a femoral head fracture, proximal or distal femoral fracture, or patellar fracture, including periprosthetic fractures), failed previous arthroplasty with components removed/infection, for revision TKR. The latter group included patients with previous fractures with components removed with failed previous internal fixation or previous athrodesis and patients with patellectomy and osteotomy or with infection.
Statistics
We performed separate analyses for primary and revision TKR. Using univariate Cox regression analyses, all predictor variables were assessed for association with the hazard of periprosthetic fracture after TKR. All variables significantly associated in univariate regression (p < 0.05) were entered into a backward-selection multivariable-adjusted Cox regression model. The proportional hazard assumption held true in the multivariable models for primary and revision TKR. The models accounted for correlated data due to bilateral TKR in the same patient. The models account for correlated joints within the same patient. We used the covsandwich (aggregate) option using the id statement to account for correlated joints (Lee et al. 1992) . Censoring was at the occurrence of the postoperative periprosthetic fracture or death, or loss to follow-up. Hazard ratios (HRs) are given with 95% confidence intervals (CIs). We also performed survival analyses using Kaplan-Meier curves, for primary and revision TKR cohorts separately. Between 1989 and 2008, 12,914 patients underwent 17,633 primary TKRs at the Mayo Clinic. Mean age was 68 years; 9% of the patients were older than 80 years and 81% were older than 60 years. 55% of the patients were women. 27% had bilateral TKR and mean follow-up time was 6.3 years that length of FU did not significantly affect the significant relationship between age and postoperative periprosthetic fractures after primary TKR.
Results
Characteristics of study cohort
Risk factors for postoperative periprosthetic fracture after revision TKR
In univariate analyses, we found that operative diagnosis and ( Table 1) . 44% were ASA class 3 or higher and 21% had a Deyo-Charlson index of 3 or more.
Osteoarthritis was the underlying diagnosis in 93% of patients, and 91% had cemented or hybrid implant fixation. The revision study cohort consisted of 3,286 patients who underwent 4,090 revision TKRs at the Mayo Clinic from 1989 through 2008. Mean age was also 68 years, 51% were women, 20% had bilateral TKR, and mean follow-up time was 5.1 years ( Table  1) . 10% of patients were older than 80 years and 78% were older than 60 years. ASA was class I-II in 47%; 12% had a Deyo-Charlson index of 2 and 17% had a Deyo-Charlson index of 3 or more. The most frequent underlying diagnosis was loosening, wear, or osteolysis (53%), followed by fracture/dislocation (21%) and failed previous surgery with components removed (20%).
Cumulative incidence of postoperative periprosthetic fracture
The cumulative incidence of postoperative periprosthetic fracture on or after postoperative day 1 after primary TKR was 1.1% (188/17,633 patients) and it was 2.5% after revision TKR (104/4,090 patients). 74% of fractures occurred 1 year or more after primary and revision TKR (Appendix 1).
Risk factors for postoperative periprosthetic fractures after primary TKR
Age was the only factor that was significantly associated with higher risk of postoperative periprosthetic fracture after primary TKR in univariate analysis (Table 2 ). Higher Deyo-Charlson comorbidity class showed a non-significant association with fracture after primary TKR.
In multivariable-adjusted analyses, only age was significantly associated with risk of postoperative periprosthetic fracture after primary TKR. Age categories 61-70 and 71-80 were both associated with a 40-50% lower risk compared to age 60 years or younger, while age > 80 years was not statistically significantly different from age ≤ 60 years in this respect (Table 2) . We performed additional post-hoc testing of whether age > 80 years was associated with higher fracture risk than ages 61-70 and 71-80; we obtained hazard ratios of 1.9 (CI: 1.1-3.1) and 1.7 (CI: 1.0-2.9), which were both statistically significant with p-values of 0.02 and 0.04, respectively. Sensitivity analysis that adjusted for length of FU by testing the term "age*length of follow-up" revealed higher comorbidity, assessed with Deyo-Charlson index, were significantly associated with the risk of postoperative periprosthetic fracture (Table 3) .
In the multivariable-adjusted analyses, we found that diagnosis was significantly associated with the risk of postoperative periprosthetic fracture after primary TKR (Table 3) . Diagnoses of non-union, infection or previous surgery with components removed were associated with a 4.8-, 2.9-and 2-fold higher risk of fracture, respectively, compared to a diagnosis of loosening, wear, or osteolysis.
Survival free of periprosthetic fractures after primary and revision TKR
Using Kaplan-Meier survival analyses, we assessed cumulative postoperative periprosthetic fracture rates separately for the primary and revision TKR cohorts (Figure 1) . We also performed the fracture rate analysis by age group, which was a significant predictor of fracture-free survival in multivariableadjusted Cox regression analyses (Figure 1) . 
Discussion
An important finding in the present study was that younger age ≤ 60 years) was associated with higher risk of postoperative periprosthetic fractures following primary TKR. Specifically, patients who were 61-70 years old had a 50% lower risk of periprosthetic fracture and those who were 71-80 years old had a 45% lower risk compared to patients who were aged 60 years or less. Age > 80 years was associated with a similar risk of periprosthetic fracture as age 60 years or younger. This suggested that there was a U-shaped relationship between age and periprosthetic fracture risk. It is reassuring that older patients, who receive the majority of TKRs, have lower-not higherrisk of periprosthetic fracture after TKR. Several possible factors may have contributed to this increased risk. A more active lifestyle in patients and involvement in sports in patients aged less than 60 years may put them at higher risk of trauma than those who are older. Younger patients who undergo primary TKR have associated with higher corticosteroid use and may lead to steroid-induced osteoporosis. Osteoporosis (Beals and Tower 1996, Merkel and Johnson 1986) , inflammatory arthritis (Merkel and Johnson 1986, Lindahl et al. 2006 a, b) , and corticosteroid use (Porsch et al. 1996) are associated with higher risk of periprosthetic fracture. Since TKR is being increasingly performed in patients aged less than 65 years, the increased risk of periprosthetic fracture in younger patients is concerning. Previous research has not examined age as a predictor of periprosthetic fractures following primary TKR, except for one recent study from the Scottish registry (Meek et al. 2011) , which reported that an age of > 70 years was associated with higher risk. The exact reason for this discrepancy in findings is unclear, but it may be related to differences in country setting (USA vs. Scotland), to patient characteristics, and to the variables that were adjusted in multivariable analyses in the 2 studies (several in our study but only age, sex, and revision surgery in the Scottish study). Our findings should be replicated/confirmed in future studies.
In patients with revision TKR, diagnoses of non-union, infection and of previous surgery with components removed were significant predictors of postoperative periprosthetic fracture. Compared to patients with loosening/wear/osteolysis, those with previous non-union were almost 5 times more likely to suffer from a postoperative periprosthetic fracture. This is not surprising, since abnormal mechanical stresses associated with non-union may predispose to subsequent periprosthetic fractures. A diagnosis of previous surgery with components removed was associated with twice the risk of periprosthetic fracture compared to loosening, wear, or osteolysis. These patients are some of the most challenging surgical cases due to previous surgical complications, and they may inherently be at higher risk of having postoperative complications in general.
An interesting observation in the present study was the borderline association between comorbidity and periprosthetic fracture risk in primary and revision TKR in multivariableadjusted model 2 (overall: p = 0.05 and p = 0.08, respectively). A score of 3+ for comorbidities was statistically significant in both primary TKR (HR = 1.7, CI: 1.2-2.4) and revision TKR (HR = 1.9, CI: 1.1-3.1). Additionally, in both primary and revision TKR, a dose effect was seen in hazard ratio with Figure 1 . Periprosthetic fracture rate after primary and revision TKA (top panels with error bars represent 95% confidence intervals), stratified further by age group (bottom panels). The number of patients at risk at baseline, 5-, 10-, 15-and 20-years is shown at the bottom of each panel.
an increasing comorbidity score of 1, 2, and 3+ (HR = 1.2, 1.4, and 1.7 for primary TKR and 1.1, 1.5, and 1.9 for revision TKR). We believe that this association in our study was real and borderline association significance is most likely due to the small number of periprosthetic fractures (< 200), despite the fact that the study covered a 20-year period.
Our estimates of cumulative incidence of periprosthetic fracture of 1.1% for primary TKR and 2.5% for revision TKR were in the range 0.3-2.5% previously reported for TKR (Aaron and Scott 1987, Merkel and Johnson 1986) , as reviewed by Rorabeck and Taylor (1999) and McGraw and Kumar (2010) . The previous studies differed regarding duration of followup (Merkel and Johnson 1986, Aaron and Scott 1987) , which might explain the wide range. Despite the large sample size and long duration of follow-up, we had few patients at 20 years, i.e. 76 primary TKAs and 9 revision TKAs. As can be seen, there was a sharp drop-off in sample size after 15 years of follow-up. Thus, the estimates of fractures at 20 years after TKA should not be over-interpreted, and should be considered to be preliminary.
The strengths of the present study were the inclusion of a large number of fractures to allow robust analyses, inclusion of important modifiable variables (BMI and comorbidity), and the use of prospectively collected data.
The study had several limitations, and our findings should be interpreted with some caution. This was a single-center study at an institution that provides surgical care for referrals from other institutions and also primary orthopedic care to the local population (similar to community-based practices). Despite the large sample size, the number of fractures was in the 100-200 range, which may have meant that the study was underpowered for examination of some associations. To put this in perspective, most previous studies have been limited to < 20 events, with the exception of the national registry studies (Lindahl et al. 2006a ,b, Meek et al. 2011 . We included several important variables in the present study, but it is possible that there was residual confounding, as in any cohort study. We lacked a measure of osteoporosis in our database, which is a risk factor for fractures in general and might be a risk factor for periprosthetic fracture. These estimates should be considered to be conservative, since despite systematic prospective follow-up of patients with TKR for prosthetic-joint related complications (including all fractures) by trained registry staff (including obtaining medical records and radiographs from other facilities), loss to follow-up and under-reporting of fractures at non-Mayo facilities is possible.
In conclusion, in this large study of primary and revision TKR, we determined the frequency of postoperative periprosthetic fracture following primary and revision TKR. Younger age was a significant risk factor for periprosthetic fracture after primary TKR. Previous non-union and surgery with components removed were significant risk factors for periprosthetic fracture after revision TKR. These are non-modifiable risk factors. Surgeons and patients can have more informed discussion during the informed consent process in light of these findings.
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